FT-IR spectra, in the frequency region 4000 -600 cm 
FT-IR SPECTROSCOPY OF LIPOPROTEINS -A COMPARATIVE STUDY

Introduction
During last four decades many groups have been involved in studies of lipid metabolism because the malfunction in the lipid transport is connected with atherogenesis [1] . Due to the hydrophobic character of lipids and sterols, their direct transport in plasma is not possible. Their transportation is enabled by the particles known as plasma lipoproteins [2] . Several classes of serum lipoproteins differ in size and lipid / protein composition according to their different roles in metabolism [3] .
Human plasma lipoproteins studied here (VLDL, LDL, HDL 2 and HDL 3 ) have very different size, but similar general structure. They are particles with hydrophobic core, consisting of triglycerides and cholesterol esters, and outer phospholipids' monolayer with incorporated molecules of free cholesterol. The ratio of triglycerides and cholesterol esters in the core varies within lipoprotein classes, reflecting their role in transport of hydrophobic molecules. This ratio is about 3 for VLDL, but only 0.2 for LDL and about 0.7 for HDL particles. The composition of monolayer is also different.
In HDL 2 and VLDL, the number of cholesterols is higher than the number of phospholipids, while in LDL is lower. In HDL 3 there is four times more phospholipids than cholesterols. The part of the surface of monolayer is occupied with apolipoproteins which are partly embedded into the lipid monolayer. The major protein in HDL is apo A-I and in lesser extent apo A-II. These two apolipoproteins are much smaller than the major apolipoprotein, apo B-100, in LDL and VLDL. The protein content in VLDL (8%) is low, somewhat higher in LDL (21%) and twice higher in HDL 2 (41%) and HDL 3 (55%).
Intensive clinical studies have produced a lot of evidence about changes in lipoprotein metabolism induced by external factors like alcohol, nicotine, oxidative compounds, vitamins or some drugs [4] . The intention of our group is to study the interactions of those external molecules with lipoproteins by FT-IR and FT Raman spectroscopic methods. The prerequisite for such an investigation are well defined spectra of intact particles, in the whole frequency region, and their relevance to the structural details. The search of literature showed that the majority of papers on optical spectroscopy of lipoproteins were limited to the analysis of apolipoprotein domain of the particle. However, in the paper by Liu et al, the spectrum above 1400 cm -1 of lipid part of LDL and HDL was used to discriminate the two types of particles for the possible clinical application [5] .
Guided by the well known fact that the external compounds interacting with lipoprotein and influencing its function are mainly embedded into the lipid monolayer we specially paid attention to the spectral analysis of lipid bands in the spectrum.
Experimental and calculations
Human plasma lipoproteins were isolated by the sequential ultracentrifugation of pooled plasma from normolipidemic donors [6] . The cut-off densities: 1.020 g cm -3 for VLDL, 1.063 g cm -3 for LDL, 1.125 g cm -3 for HDL 2 and HDL 3 were adjusted by adding KBr. Each centrifugation procedure was performed at 50,000 rpm for 48 hours at 10C in a Beckman 70 Ti rotor. EDTA (1g/L) was added in the solution through all preparation steps to protect lipoprotein against peroxidation. Before spectroscopic measurements, the lipoprotein solutions were dialyzed against degassed 0.01 M phosphate buffer, pH 7.4 and stored at 4C. The purity of isolated lipoprotein solutions was checked by gel-electrophoresis as described elsewhere [7] . The decomposition of amide I band was performed in the region 1700 -1600 cm -1
Results
The spectra in high frequency region, 3500 -2700 cm -1 , presented in Fig. 1 , mainly consist of OH stretching band (A) of water and the quartet (B) of asymmetric and symmetric methyl (*) and methylene (#) stretching vibrations from lipid chains. Fig. 1 The pattern of group vibrations is essentially the same in all four lipoprotein samples.
The CH 2 asymmetric stretching at 2927 cm -1 and symmetric stretching at 2854 cm -1 give intense bands, while asymmetric CH 3 stretching at 2954 cm -1 and symmetric stretching at 2866 cm -1 bands are seen as shoulders. However, the intensity ratios: r 1 = I 2927 / I 2866 and r 2 = I 2854 / I 2866 could be measured from spectra. The r 1 parameter could be considered as the measure of environmental polarity as it increases with the polarity of lipid chains environment [9] . On the other hand r 2 correlates with the looseness of lipid chains packing [9] . Both parameters are higher in VLDL then in other lipoproteins.
The OH stretching band is attributed to the water molecules which remain within the particle, at the protein-lipid interface, shielded by apolipoprotein, after drying procedure. Therefore, the intensity of this band should be proportional to the surface occupied by apolipoprotein, i.e. in some extent, depending on the conformation of particular apolipoprotein, proportional to its content in the particle. It was not possible to compare the intensities of OH bands among different samples. Therefore, we chose lipid CH 2 asymmetric stretching band as a referent signal, because it is essentially the same in lipoprotein spectra. The intensity ratio of OH band and this lipid band in each spectrum was calculated separately. The calculated values, 0.2 for VLDL, 0.4 for LDL, 0.5 for HDL 3 and HDL 2 reflect the increase of apolipoprotein content of the particle.
The evidence for the protein shielding is confirmed by the difference of peak position in the spectra of lipoprotein particles containing different apolipoproteins: at 3294 cm -1 for HDL, and at 3282 cm -1 for LDL and VLDL.
The fingerprint region 1800-1500 cm -1 is presented in Fig. 2 .
Fig. 2
The band A is known as C=O stretching band from ester bond in phospholipids [10] . In phospholipids, it is composed of two vibrations from ester groups in two acyl chains. In lipoproteins, in addition to phospholipids, ester bond is also present in triglycerides and cholesterol esters in the particle's core. In the spectra of both HDL samples, LDL sample and liposome (LS) the peak of C=O band is located at 1737 cm This band is of much lower intensity than amide I band but of similar shape.
The decomposition of the amide I band, presented in Fig. 3 , was performed in order to extract the information about the secondary structure of apolipoproteins and to compare it with the secondary structure data of apo A-I [11] and apo B-100 [12] obtained by other methods. This band has significantly different shape for apo A-I, spectrum (a), solid curve, than for apo B-100, spectrum (b), solid curve. The six component bands, presented as dashed curves, were used to fit the profile of amide I band, presented by dotted curve. The lipid bands in this region are too weak in comparison to the amide I band to be considered in the fitting procedure [13] . The results of decomposition for apo A-I are presented in Table 1 and for apo B-100 in Table 2 . Table 1   Table 2 The predicted positions of the component bands of particular secondary structure and their contribution to the overall amide I band are compared with the data from literature 13, 14 obtained from FT-IR and Circular Dicroism (CD) measurements. It is known that the results from CD are usually in some discrepancy with FT-IR data, due to methodological reasons [13] . According to the results of decomposition, the dominant contribution in amide I band of apo A-I is  helix. This is in agreement with the data from literature [11] that apo A-I consist of ten helices, eight of them are 22-mers and two are 11-mers. They are connected by the short segments of  strands and turns. The results for the decomposition of amide I band for apo B-100 demonstrate the high contribution of  sheets and turns to the amide I band. It is known [12] that apo B-100 has a pentapartite structure: vibrations of the lipid CH 2 groups in acyl chains [15, 16] . The band has a shoulder at approximately 1458 cm -1 , which is more pronounced in HDL 3 than in other three particles. The low intensity band at 1443 cm -1 is attributed to the asymmetric bending of CH 3 group [5] .
The band B at 1400 cm -1 , which was not present in the liposome (LS) spectrum, is attributed to the COO -symmetric stretching vibration from Asp and Glu residues [17] . This band is very strong in HDL 3 , weaker in HDL 2 and hardly visible in LDL and VLDL. It is known that Asp and Glu residues are exposed toward the polar environment [12] . HDL 3 is the smallest particle of four lipoproteins and has two molecules of apo A- is usually attributed to P=O stretching vibration [10, 16] or asymmetric PO 2 -stretching [5, 19] . The band B at 1171 cm for LDL and VLDL particles. In addition to the differences in the position, the overall shape of the band is not the same for different particles.
There are several bands in the region of skeletal vibrations, but only three will be mentioned here, Fig. 6 . The band A at 970 cm 
Discussion
Two apolipoproteins, predominant in lipoproteins in our study, are apo B-100 in LDL and VLDL and apo A-I in HDL 2 and HDL 3 . The difference in their conformation and secondary structure is apparent in the different shape of strong amide I band in two sets of particles. Amide I band is commonly used for the analysis of the protein secondary structure. The predominance of -helix in apo A-I results in characteristic shape with pronounced peak (Fig.2 band B) . Opposite to that, amide I band from apo B-components of this apolipoprotein. The results of decomposition and curve fitting of amide I band, Table 1 and Table 2 , showed the presence of some other component bands, attributed to  turns,  strands and random coil structure. These assignations are proposed according to the literature. It has to be mentioned that the same vibration is sometimes attributed to the different secondary structure. There is a possibility that the band at 1639 cm -1 could be also assigned to -helix, because two sets of helices of different length are found in apo A-I [11] . The composition of apo B-100 is more complex. Amphipathic -sheets in  1 and  2 domains, parallel to the surface of the particle, are in close contact with core lipids [12] . It is supposed that there is a variability of length of individual strands within the sheets. Globular  1 domain at Nterminus consists of amphipathic -helices and several  sheets. This domain is not in contact with the core. It is possible that the different surrounding of  sheets in particular domain is responsible for the presence of several component bands from this structure. Amphipathic -helices in  2 and  3 domains, covering about 20% of the surface, are in contact with polar lipids. There is evidence that  sheets mainly determine particle's size while the surface covered by -helices increases with the decrease of particle. We expect to observe the changes in apo B-100 conformation in an investigation of the LDL samples with selected particle size.
Some information about the dimension of the particle and lipid composition of four classes of lipoproteins is presented in Table 3 . Table 3 The size of the lipoprotein particles, but even more, the ratio of the particle surface (A part ) and the core surface (A core ) are significantly different. HDL 3 hardly possesses any core, while in VLDL the core is predominant. Consequently, molecular volume of lipids is almost equal to the volume of the tiny core in HDL 3 , but only about half of core volume in HDL 2 and in LDL, and, even less, only one third in VLDL (Table 3) . That implicates the much higher freedom of motion for core lipids, triglycerides and cholesterol esters, in VLDL and very tight packing of lipids in HDL 3 core. On the other hand, the occupancy of phospholipids and free cholesterol in monolayer is about one third for HDL 3 and LDL and about one half for HDL 2 and VLDL. From the last two columns in Table 3 it is evident that in LDL and VLDL the proportion of lipid chains is higher in the core than in the monolayer while for HDL particles is the opposite. These data are important for the explanation of the observed spectral differences in lipid bands of different lipoproteins.
The measured intensity ratios of particular group vibrations, r 1 and r 2 , demonstrate the difference between VLDL and other three classes of lipoproteins. In both cases, the values for VLDL are higher (7.4 and 3.7) than for the other three lipoproteins (5.7 and 2.6). This is in agreement with the higher chain mobility in VLDL roomy core, where most of the lipids are stored. The high proportion of free cholesterol in VLDL monolayer, Table 3 , has influence on the distance between the lipid chains and enables better contact of polar heads with the polar environment. In other three particles the number of cholesterol molecules is equal or less than the number of phospholipids which increases the chain packing.
The position and structure of C=O band from ester bonds (Fig. 2 band A) distribution, which is much higher in the core than in the monolayer for LDL and VLDL, but not so for HDL particles, Table 3 .
Vibrations from phospholipids' heads are seen in two stretching bands in low frequency region: the stretching of choline group at 970 cm -1 ( Fig. 6 band A) and of nearby CO or CC bond at 925 cm -1
( Fig. 6 band B) . Both bands are quite similar in all lipoprotein samples and are not affected by the composition of monolayer.
The information about the dynamics of acyl chains could be obtained from two deformation bands. The structure of CH 2 rocking band ( Fig. 6 band C) should be similar to the structure of CH 2 scissoring band (Fig. 4 band A) because both are determined primarily by the lateral packing interaction of the hydrocarbon chains [16] . This is confirmed in the spectra, because the difference between HDL 3 sample and other three lipoproteins is expressed in both these bands. The studies of the organization of hydrocarbon chains in crystalline lipid assemblies and films [16] explained the splitting of the methylene scissoring and rocking bands as the consequence of the interaction between the chains with different orientation, i.e. the different transition moments. The difference in the band pattern in HDL 3 should be connected with the distribution of hydrocarbon chains in this particle. The total number of hydrocarbon chains in the core and monolayer of HDL 3 particle is almost the same. However, in the core they are tightly packed because they occupy 90% of core volume (Table 3) , while in other particles they have more free space. On the other hand, the acyl chains in the monolayer are more separated, because the surface of the particle is almost 5 times larger than the surface of the core. This heterogeneity is similar to the different sub cells in the crystalline complexes. In all other lipoproteins the packing of lipids in the core and monolayer is similar and the component at 1467 cm -1 dominates in the band structure.
The same situation is reflected in the shape of CH 2 rocking band with three well resolved components in HDL 3 and in smaller extent in HDL 2 , but only two components in other two particles. This band is even more suitable for the monitoring of chain packing because it is free of overlapping absorptions from the end methyl groups or vibrations from the polar head [16] . It is expected that these two bands will probably be sensitive to the incorporation of some external molecules into the lipid monolayer which could be used in further studies of that type.
The deformation band from the vibrations in the tails of acyl chains of phospholipids is readily observed in lipid spectra. It usually consists of CH 3 bending vibration, called methyl umbrella, and several deformation wagging vibrations from the chain CH 2 groups, in different conformers of unsaturated fatty acids. In our spectra only one wagging vibration was observed at 1367 cm -1
( Fig. 4 band C) and it is attributed to arise from kink and/or gtg conformers [16, 18] . There is indication in the spectra that some other vibrations of this type could be present but their intensity was too weak for the analysis. The deformation band is partly overlapped with COO -vibration and the comparison of CH 3 bending vibration among the lipoproteins was not possible.
Wagging vibrations should be sensitive to the number of kinks, i.e. to the content of unsaturated fatty acids in phospholipids. In our spectra, the position of CH 2 wagging vibration is the same in all lipoprotein samples, probably due to the very similar content of unsaturated fatty acids in these particles.
Conclusions
FT-IR spectroscopy gives useful information about the structural properties of complex supramolecular assemblies as lipoproteins. The differences in the size, core volume, lipid composition and dynamics, and apolipoprotein structure in particular classes of lipoproteins are reflected in the characteristic spectral bands of lipid and protein moiety or in parameters extracted from spectra. The results of spectral analysis of the intact particles will be used for recognition and description of the possible structural alterations induced by the interaction of lipoprotein with external molecules and to find the correlation to clinical studies. 
